Abstract The formation oxytetracycline (OTC) degradation products in chicken and pork under two different methods of cooking were studied. Samples of chicken and pig muscles previously dosed with OTC residues were subjected to boiling or microwave treatment, and the residues were extracted in a mixture of citrate buffer-MeOH (75:25 v/v), and then analyzed by high performance liquid chromatography with photodiode array detection using a XBridgeTM C18 reversephase chromatographic column. Thermal treatment resulted in the degradation of OTC and the concentrations of the degradation products α-apo-oxytetracycline (α-apo-OTC) and β-apo-oxytetracycline (β-apo-OTC) in muscle samples amounted to 0.7 to 1.2 % of the initial OTC content. The toxic effects of the degradation products of oxytetracycline, α-apo-OTC and β-apo-OTC were studied in rats. Male rats received oral doses of 10 mg/kg body weight/day of either α-apo-OTC, β-apo-OTC, 90 days. The results of this study suggest that the toxic effects of β-apo-OTC treatment could damage liver and kidney tissues of rats, as well as lead to the degeneration and necrosis in the hepatocytes.
Introduction
Oxytetracycline, is a member of the tetracycline (TC) family of antibiotics, and its therapeutic use has been of particular interest for use in food producing animals because of its broad spectrum activity and its low cost. OTC has been widely used for preventing and controlling diseases, and also as a feed additive to promote the live-weight gain. However, excessive and improper use of OTC results in accumulation in edible animal tissues, which may be toxic and dangerous for human health, as well as cause allergic reactions. Moreover, the long-term presence of OTC residues in tissues may lead to antibiotic resistance in the animals (Chopra and Roperts 2001; Garcia et al. 2004) . Usually these edible tissues are cooked before consumption, however it is not known whether oxytetracycline, or any degradation products, remain in the food and therefore pose a threat to human health. It is essential that the effect of cooking, and the cooking process, be investigated to determine the likelihood of a consumer being exposure to OTC and any breakdown products. Several studies have demonstrated the rapid formation of anhydrous derivatives of TC in chicken and pig bones following high-temperature and strongly-acidic treatments (Kuhne et al. 2001a, b) . Degradation products of TC have been shown to be related to Fanconi-type syndrome, a reversible renal dysfunction (Frimpter et al. 1963) . Others (Gratacós-Cubarsí et al. 2007 ) have indicated that relatively mild thermal processes, similar to those applied to meat during household cooking, may initiate the thermal breakdown of TC with the formation of anhydrotetracycline (ATC), 4-epi-anhydrotetracycline and two unidentified degradation products. Thermal treatments with food additive combinations were found to have significant effects on the rate of OTC degradation (Fedeniuk et al. 1997 ). Products of heat-degraded OTC have also been shown to exhibit toxic effects, though the products have not been identified (Tropiło et al. 1988) . Halling-Sorensen et al. 2002 reported that the degradation products of OTC, such as 4-epi-oxytetracycline (EOTC), α-Apo-OTC and β-Apo-OTC exhibited greater toxicity (EC50) compared with the parent compound. Several studies indicate that thermal treatments reduce the concentration of various veterinary drug residues in foods and thus decrease the potential toxic effects of these compounds on the consumer (Furusawa and Hanabusa 2001; Javadi 2011; O'Brien et al. 1981; Rose et al. 1996; Kuhne et al. 2001a, b; Lolo et al. 2006 ). However, in these studies only the degradation of the parent drug was evaluated and the toxic effects of the degradation products of the parent drug was not studied.
The objective of this study is to understand the occurrence and the degradation of OTC and their degradation products in chicken and pork following thermal treatment and determine the toxicity of oxytetracycline degradation products when they were orally administered to rats. The results should provide useful information for assessing the impacts or potential risks of antibiotics residues in meat on human health.
Materials and methods

Chemicals
All chemicals were of analytical grade purity. Acetonitrile and methanol were of HPLC grade (Merck Company, Germany). The standards of 4-epi-oxytetracycline, α-apo-oxytetracycline and β-apo-oxytetracycline were purchased from Acros Organics (Geel, Belgium). Oxytetracycline hydrochloride was obtained from Merck (Calbiochem, Merck Company, Germany).
Equipment
An Agilent Technologies HPLC (Series 1200) (Waldbronn, Germany) was equipped with an online vacuum degasser (G1322A), a quaternary pump system (G1311A), an auto sampler (G1367A) and a photodiode-array detector (G1315B). The analytical column was a reverse-phase (XBridgeTM C18 250 mm×4.6 mm I.D., 5 μm, Waters, Ireland). Water purification systems (Mul-9000 series, USA) online GC 200 expansion vessel for potable water (Global water solution company, USA) and a nano pure Model 7150 (Thermo Scientific). For sample preparation ULTRA-TURRAX T25 Basic homogenizer (IKA works, Staufen, Germany), Centrifuge Allegra 64R (Beckman coulter, USA), Ultrasonic (KQ-300DE, Kun Shan, China). For cooking processes (C-MAG HP10) (IKA works, Staufen, Germany), Microwave oven (800 W, 2,450 MHz, Galanz, China) were used.
Standard solutions
Stock standard solutions of OTC, EOTC, α-AOTC, and β-AOTC were individually prepared by dissolving 10 mg of the compound in 10 mL of methanol with shaking in an ultrasonic bath for 4 min to obtain a final concentration of 1 mg mL −1 . Stock standard solutions were then put in amber glass containers to prevent photo-degradation, and were stored at −20°C. When required, they were diluted with methanol to give a series of working standard solutions. Finally, from stock solutions, a series of duplicate calibration standards were mixed in concentrations from 0.05 to 3 mg L −1
. Chromatographic solutions for each compound were prepared by dilution of the combined working solution with mobile phase.
Meat sample preparation
Pork loin muscles were obtained from pigs produced on organic farms. Chicken breast muscle was also obtained from chickens raised on organic farms (free antibiotic chicken type). These samples were analyzed to ensure that no samples contained TC residues and then they were stored at −20°C until use. A stock solution of OTC was prepared by dissolving 250 mg of pure standard in 10 mL methanol (final concentration=25 g L
−1
). Antibiotic free pig and chicken muscles were individually homogenized in a bowl cutter (Model GM 200, Retsch, Germany) and then fortified with a methanolic stock solution of OTC. For this, 5 mL of the OTC methanolic stock solution (25 g L ) was added to aliquots of 250 g of meat for each species thereby achieving a final concentration of 500 mg OTC kg −1 in the tissue (contaminated samples).
They were immediately analyzed before any further treatment to verify the homogeneity of OTC addition in the samples. Once homogeneity had been confirmed, the mixtures were portioned into 10 g meat balls.
Thermal treatments
Boiling treatment
The meat balls were packed in aluminum bags. Each 10 g sample (meat ball) was first tempered to an initial temperature of 20±2°C and then immersed in a water bath (Jin Tan, Heng Fing, China) at 100°C for 3, 6, or 15 min. The juice formed during the thermal treatment was collected.
Microwave treatment
The meat balls were packed in commercial food grade polypropylene trays. Each 10 g sample (meat ball) was tempered to an initial temperature of 20±2°C and placed at the geometric center of a turntable in a domestic microwave oven. Each sample was cooked under full power (800 W, 2,450 MHz) for 0.5, 1 or 2 min. The juice formed during the thermal treatment was collected. After treatment, all samples were immediately placed in an ice bath, and stored at −20°C for subsequent analysis within 1 day. All cooking treatments were done in triplicate.
HPLC analysis
Sample preparation procedure
The procedure used for the extraction of the OTC and its derivatives from the prepared samples was as previously described (Gratacós-Cubarsí et al. 2007; Shalaby et al. 2011; MacNeil et al. 1996) . Initially, four methods of extraction were evaluated: (i) McIlvaine buffer-EDTA; (ii) Citrate buffer; and (iii) McIlvaine buffer-EDTA/MeOH (75:25 v/v); (iv) Citrate buffer-MeOH (75:25 v/v). The procedure for the analysis of OTC and its derivatives from treated and untreated samples (whole quantity, 10 g) was done as follows. An aliquot of 10 g (accuracy, 0.01 g) of muscle sample was cut in small pieces and placed in a glass centrifuge tube. The juice formed during the thermal treatment was collected and added to the extract. 20 mL of the extraction solution was added and the sample was blended using a homogenizer for 3 min in ice. The homogenizer probes were then rinsed into the initial samples in centrifuge tubes with 3 mL extraction solution and then the tubes were vortexed for 1 min and sonicated for 10 min. This was followed by centrifugation at 12,100 g for 15 min. The supernatant was collected and the precipitate extracted again after adding 20 mL Citrate buffer-MeOH as described above. The combined supernatant were filtered through a filter paper and diluted to a final volume of 50 mL with extracting solution. One millilitre of the final extract was filtered through a nylon filter (porosity: 0.45 μm) and 100 μL was injected into the chromatographic system.
Linear range, limit of detection, limit of qualification and recovery
The analytical HPLC column was set at a flow rate of 1 mL min −1
. The column was run at ambient temperature. Mobile phase Awas acetonitrile, solvent B was methanol, while mobile phase C was 0.1 M phosphate-buffer pH 8. The starting mobile phase composition at 0 min was 7:8:85, methanol/ acetonitrile/phosphate buffer at 1.0 mL min −1 (Table 1 ). The wavelength of the UV detector was set at 253 nm. Calibration curves were prepared daily by injecting chromatographic standard solutions in the range between 50 and 3,000 ng injected for each compound and estimates of the amount of the analytes in samples were interpolated from these graphs. LOD and LOQ were determined using the standard deviation of the response (σ) and the slope of the calibration curves (S) as follows equations (ICH Steering Committee 1996):
Sample recovery was determined with blank muscles spiked at 10, 20 and 30 μg g −1 for the raw samples (10 g).
The spiked samples were analyzed and the recoveries calculated by comparing the peak area of measured concentration to the peak area of the spiked concentration.
Physicochemical and chemical analyses
Samples were analyzed for moisture content, protein, total lipid, and weight loss. Ash and moisture were determined according to the official methods (AOAC 1990) . Protein was determined by following the ISO recommended method 937 (ISO 937:1978) . Fat was determined by following the ISO recommended method 1443 (ISO 1443 (ISO :1973 . Water loss was calculated as follows equations:
Where:
M i was the initial moisture of the sample M e the moisture at the end of the treatment Animals A total of 35 healthy rats (4-week-old male Sprague-Dawley) were individually housed in stainless steel cages lined with wood shavings and fitted with wire mesh tops. The rats were acclimated to ambient temperature (23±2°C) and humidity and natural light/dark cycle. All rats were fed a standard rat chow and had free access to drinking water, and were kept in the facilities for at least 1 week prior to use. After confirming their normal health status at the end of the acclimation period, 30 rats were randomly allocated to five groups, each consisting of 10 rats and were then given the control or experimental diets for 90 days. The rats in Group I served as control. The rats in Groups II and III received orally 10 mg/kg body weight of α-apo-OTC or β-apo-OTC, respectively, per day.
Clinical observations
The behavior and appearance of all rats including coat condition, skin, eyes and excretions was monitored every 2 days throughout the study, including coat condition, skin, eyes and excretions.
Clinical pathology
Hematology and serum chemistry were conducted on all surviving rats on 90th day (the end of the trial). Rats were fasted for 12 h before collecting blood samples. Whole blood from the inner canthus was collected with and without anticoagulant and analyzed for white blood cell count (WBC), red blood cell count (RBC), hemoglobin (HGB), hematocrit (HCT), platelet count (PLT), urea nitrogen (BUN), serum glutamic oxaloacetic transaminase (SGOT), serum glutamic pyruvic transaminase (SGPT).
Statistical analysis
A descriptive statistical analysis was applied to the validation data, and the influence of cooking method and time, and meat species on the concentration of OTC and its degradation products was analyzed by ANOVA while means were compared using least significant difference (LSD).
The data was present as mean value and standard deviation. A one-way analysis of variance (ANOVA) was applied to evaluate the homogeneity variance of all of groups. ANOVA was used to compare the experimental groups. The response variable values of the treatment groups were compared to the control group using t-test. Differences between values were considered statistically significant at a P<0.05.
All analyses were carried out using the SPSS statistics software version 20.
Results
HPLC analysis
Linear range, limit of detection and limit of qualification
The linearity and correlations, of OTC, 4-epi-OTC, α-apo-OTC and β-apo-OTC were obtained from the calibration curves, which consisted of five points, by plotting peak areas of the standards having concentrations from 0.05 to 3.0 μg g −1 . The coefficients of determination for OTC and its degradation products were greater than 0.998. Typical HPLC profiles of the TCs obtained from the standard solutions and the samples are as given in Fig. 1 , which shows that OTC, 4-epi-OTC, α-apo-OTC and β-apo-OTC were well separated by the column, with elution times ranging from about 6.8 to 19.8 min. The optimal detection with the UV detector was found to be 253 nm after full spectra scans of OTC and its degradation products. The data listed in Table 2 demonstrates that the LOD for OTC, 4-epi-OTC, α-apo-OTC and β-apo-OTC ranged from 8 to 18 ng, LOQ was 26, 38, 47 and 53 ng OTC, 4-epi-OTC, α-apo-OTC and β-apo-OTC, respectively.
Recovery
In order to obtain optimal extraction efficiency for OTC and its degradation products, various extraction solutions were tested on pork ( In this study, citrate buffer/MeOH (75:25 v/v) was selected for extraction of OTC and its degradation products from muscle samples as this gave solution gave the highest recovery from chicken and pork samples (Table 3) .
Muscle samples were spiked with three concentrations for each compound (10, 20, and 30 μg g −1 ). Using standard addition methods the recoveries of OTC and its degradation compounds in the muscle samples were as shown in Table 4 .
Formation of OTC degradation products in chicken and pork under different thermal processing conditions
The moisture, protein, fat, ash, and water loss (%) values of raw samples are given in Table 5 . The compositions of the raw samples were similar to the findings of other researchers (Gratacós-Cubarsí et al. 2007; Liao et al. 2009 ). As a result of cooking, the content of water decreased. The microwavetreated samples suffered higher water losses than the corresponding boiled samples, probably as a consequence of the differences between thermal treatments, sample nature ( Table 5 ).
The internal end-point temperature in the geometric center (calculated geometrically) of the cooked sample did not rise 100°C in either of the two thermal treatments; and this temperature was not maintained for more than 15 min in boiling or 2 min for microwave cooking (Table 6) .
The effects of different thermal treatments on the degradation of OTC and the formation of OTC degradation products in chicken and pork are given in Table 6 . Residual concentrations in the samples were expressed as the sum of the corresponding epimeric forms (OTCs = OTC + 4epi-OTC and apoOTCs = α-apo-OTC + β-apo-OTC). The concentrations of apo-OTCs increased both tissues after thermal treatment, whereas residues of OTCs decreased. Both boiling and microwave treatments resulted in significant changes in OTCs and apo-OTCs concentrations. The formations of apo-OTCs, as well as reductions of OTCs, were dependent on the time of thermal treatments (Table 6 ).
The different thermal treatments had significant effects (p<0.05) on the degradation kinetics of OTCs as well as the formation of apo-OTCs for both chicken and pork. From the results obtained it can be seen that at each time point, the type of meat significantly influenced the residual concentrations of apo-OTCs (except boiling treatment at 3 min). 
Body and organ weights
The body weights and organ weights/percentages are presented in Table 7 . No significant differences in body weight were observed between rats in the control group and those in the group treated with α-apo-OTC. In contrast, the body weights of those rats treated with β-apo-OTC showed significant changes compared with rats in the control group (p<0.05).
In the group treated with β-apo-OTC, there was significant increase in both absolute and relative weights of the liver and kidney as compared with the control animals, whereas no significant changes were observed in the weights of liver and kidney in the group treated with β-apo-OTC, as compared with control group (Table 7) . Absolute heart and relative lung weights in the group treated with β-apo-OTC were also significantly increased in comparison to the control group. Absolute and relative heart/ testis weights in the group treated with α-apo-OTC were slightly decreased, but no significant difference was detected compared with the control group.
Hematology
Hematological analyses from the group treated with β-apo-OTC were significantly different from those obtained from the control group (Table 8) . However, no differences were observed between rats in the control group and those in the group treated with α-apo-OTC. In the group treated with β-apo-OTC, there was significant increased (p<0.001) in both WBC and PLT as compared with the control animals. Although the WBC and PLT of rats in the group treated with α-apo-OTC were also slightly increased, no significant differences were detected compared with controls. RCB, HGB, HCT in the group treated with β-apo-OTC were significantly decreased when compared with that of the control group, whereas no significant changes occurred in the RCB, HGB and HCT of rats in the group treated with β-apo-OTC compared with control group.
Serum chemistry and pathological changes
The effects of the tetracycline degradation products on various serum constituents are given in Table 9 . Significant differences in some constituents were observed between rats in the control group and those in the group treated with β-apo-OTC. However, changes in the serum constituents of the group treated with α-apo-OTC, did not show any significant differences compared with the controls. Both SGOT and SGPT in the group treated with β-apo-OTC were significantly increased in compared with the controls (p<0.001). Although the SGOT and SGPT of rats in the group treated with α-apo-OTC were also slightly increased, the differences were not significant compared with controls. β-apo-OTC administration significantly decreased BUN concentration (p<0.01) compared to the control group.
Discussion
In the present study, the separation of OTC and its degradation products were obtained using a reversed-phase (XBridge™ C 18 250 ×4.6 mm I.D., 5 μm) at ambient temperature, with a mobile phase of acetonitrile-methanol-0.1 M phosphatebuffer pH 8. Under the conditions adopted, the analytes were fully separated within 20 min and had symmetrical peaks. These results are very similar to those reported by other authors (Smyrniotakis and Archontaki 2007; Fedeniuk et al. 1996) . There was some variation between the recoveries of the OTC and its degradation products, possibly because of their different structures and the way in which they are bound in the sample matrix. That is, the extraction efficiency is affected by formation and nature of the analyte-protein conjugates. Also, citrate buffer has been found to be more effective than McIlvaine's buffer because of its chelating ability (Javadi 2011; Samanidou et al. 2005) . Thus, a combination of more than one reagent is recommended for removal of proteins and other macromolecules. We obtained low recoveries for 4-epi-OTC, α-apo-OTC, and β-apo-OTC, which were lower than the recovery of OTC (Tables 3 and 4) as has been reported by others (Fedeniuk et al. 1996) . (Fedeniuk et al. 1996) reported that, the percentage recovery appeared to be dependent upon the initial concentration of OTC degradation products residue. When using solid phase extraction (SPE) for removal of α-apo-OTC, and β-apo-OTC from distilled water and porcine tissue the recoveries were low and irreproducible. This suggests that when using McIlvaine's buffer together with SPE extraction other interactions in addition to hydrophobic phenomena become important. Other studies (Gratacós-Cubarsí et al. 2007; Loke et al. 2003; Kuhne et al. 2001a, b) have also reported low recovery for TC/OTC degradation products in bone-derived feed, tissue, and manure samples. Accordingly, in our work (Table 3) , citrate buffer/MeOH (75:25 v/v) extraction was the selected procedure for extracting OTC and its degradation compounds from chicken muscle and pig muscle samples since that mixture gave the greatest recoveries for each of the analyzed compounds. The findings reported here are consistent with previous studies in which thermal treatments were shown to reduce the concentration of veterinary drug residues in foods; therefore decreasing the possible toxic effects of these compounds to consumers (Fedeniuk et al. 1996; Kuhne et al. 2001a, b; Gratacós-Cubarsí et al. 2007; Furusawa and Hanabusa 2001; Javadi 2011; Lolo et al. 2006) . At the same time, the thermal treatments resulted in the formation of the corresponding apoOTCs in all treated meat samples. In the present study, the concentrations of apo-OTCs produced thermal treatment ranged from 0.7 to 1.2 % of the initial OTC content. Others have found that thermal treatments of meat containing TCs resulted in the formation of 0.8, 2.0, and 3.0 % of ATCs, and two unidentified compounds, respectively relative to the initial TC content (Gratacós-Cubarsí et al. 2007 ). In contrast, it has been reported (Rose et al. 1996) that no individual, closely related compound, such as 4-epi-oxytetracycline, α-or β-apooxytetracycline, forms a significant proportion of the breakdown products when meat containing OTC is cooked by various methods. Others have shown that the heat-induced toxic degradation products of tetracycline, namely anhydrotetracycline and 4-epi-anhydro-tetracycline, were present in significant amounts following heat treatment of animal feed (Kuhne et al. 2001a, b) .
The present study indicated that a dose of either β-apo-OTC (10 mg/kg body weight) when orally administered for 90 days, significantly decreased the body weight rats, and concomitantly, there were significant increases in both the absolute and relative weights of the liver and kidney as compared with the control animals. This did not result from malnutrition since they had a normal daily food intake. These findings demonstrate that β-apo-OTC has toxic effects of on rats. Further, the β-apo-OTC treated rats showed a decrease in the RBC count and HGB concentration in their blood, whereas the WBC count and the PLT count were both significantly increased compared with the control group.
In the present study, serum SGOT, SGPT and BUN activities were used as markers of liver and kidney damage. The animals treated with either β-apo-OTC showed a significant increased in serum SGOT, SGPT and BUN. Our data demonstrates that β-apo-OTC was toxic and appear to damage liver and kidney rats. The tetracycline degradation product, anhydro-4-epi-tetracycline was the only product which caused abnormal urinary findings of a type similar to the Fanconitype syndrome. Severe, nephrotic changes were found in the kidneys of rats and dogs treated with anhydro-4-epi-tetracycline (Benitz and Diermeier 1964) . Although several of the degradation products, including ATC and ACTC, have been shown to be potent antibiotics on tetracycline resistant bacterial strains, and, on the other hand, the products of chlortetracycline have adverse effects on fresh-water phytoplankton (Halling-Sorensen et al. 2002; Guo and Chen 2012) , yet no studies have been conducted on the toxicity of the degradation products of OTC in animals.
Conclusion
The present results are in agreement with previous studies, which show that thermal treatments can reduce the concentration of veterinary drug residues in food. However, the results of the present investigation, together with those of recent studies on formation of OTC degradation products in food under different thermal treatments, indicates that relatively mild thermal processes, similar to those applied to meat during household cooking, may provoke the thermal breakdown of the original drug residue oxy-tetracycline and the formation of its degradation products.
The present study was designed to determine the toxicity of oxytetracycline degradation products upon oral administration to rats. The results demonstrated that the rats treated with α-apo-OTC for 90 days did not affect body/organ weights or certain blood-and serum-factors. The β-apo-OTC, on the other hand, exhibited significantly toxic effects on male rats, significantly decreased body weights and RBC counts, lowered HGB concentrations, and increased WBC and PLT counts. Concomitantly, there were increases in serum SGOT, SGPT and BUN. In summary, the toxic effects of β-apo-OTC in rats appeared to damage the liver and kidney, which ultimately led to necrosis of the hepatocytes. We suggest further studies to explore the mechanisms of liver and kidney toxicity by β-apo-OTC.
